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Abstract
Invasive predators are responsible for almost 60% of all vertebrate extinctions worldwide with the most 
vulnerable faunas occurring on islands. The brown treesnake (Boiga irregularis) is a notorious invasive 
predator that caused the extirpation or extinction of most native forest birds on Guam. The success of 
avian reintroduction efforts on Guam will depend on whether snake-control techniques sufficiently re-
duce contact rates between brown treesnakes and reintroduced birds. Mouse-lure traps can successfully 
reduce brown treesnake populations at local scales. Over a 22-week period both with and without active 
snake removal, we evaluated snake-trap contact rates for mouse- and bird-lure traps. Bird-lure traps served 
as a proxy for reintroduced nesting birds. Overall, mouse-lure traps caught more snakes per trap night 
than did bird-lure traps. However, cameras revealed that bird-lure traps had a snake contact rate almost 15 
times greater than the number of successfully captured snakes. Snakes that entered bird-lure traps tended 
to be larger and in better body condition and were mostly captured in bird-lure traps, despite numerous 
adjacent mouse-lure traps. Traps placed along grid edges caught more snakes than interior traps, suggest-
ing continuous immigration into the trapping grid within which bird-lure traps were located. Contact 
between snakes and bird-lure traps was equivalent before and after snake removal, suggesting mouse-lure 
traps did not adequately reduce the density of snakes that posed a risk to birds, at least at the timescale of 
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4.0), which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.
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this project. This study provides evidence that some snakes exhibit prey selectivity for live birds over live 
mouse lures. Reliance on a single control tool and lure may be inadequate for support of avian reintroduc-
tions and could lead to unintended harvest-driven trait changes of this invasive predator.
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Introduction
Invasive predators are a major driver of vertebrate extinctions globally (Szabo et al. 
2012; Doherty et al. 2016). Although mammalian predators are the primary cause (Do-
herty et al. 2015), invasive snakes have also been linked to extinctions and extirpations 
of native vertebrates (Savidge 1987; Dorcas et al. 2012). Reducing or eradicating inva-
sive predators can lead to recolonization of nesting sites (Borrelle et al. 2016), increased 
prey populations (Campbell et al. 2012), and recovery of native species (Jones et al. 
2016). In a systematic worldwide review, predation by non-native predators was identi-
fied as one of the leading drivers for failed reintroductions (Destro et al. 2018), where 
reintroduction is defined as a type of conservation translocation that entails deliberate 
releases of individuals within their native range where they have otherwise been extir-
pated (IUCN/SSC 2013). For native species that have been locally extirpated or driven 
to extinction in the wild in part by predation by invasive predators, removal or reduc-
tion of non-native predators is essential (Choquenot and Parkes 2001; VanderWerf et al. 
2014). Therefore, when invasive predators are present, management and suppression of 
their populations is often a component of native species recovery plans (U.S. Fish and 
Wildlife Service 2006; IUCN/SSC 2013) and may be critical when recovery of native 
species requires reintroduction efforts (Côté and Sutherland 1997; Smith et al. 2010).
In regions where biodiversity is affected by invasive predators, core components of 
invasive predator control include exclusion, shooting, trapping, and toxicant baiting 
(O’Donnell et al. 2017). Because species recovery is often linked to predator control, 
assessing the impact of such programs on the anticipated interactions between non-na-
tive predators and the species targeted for recovery is crucial for population restoration 
(Choquenot et al. 2001). Prioritizing these evaluations during pre-release planning or 
post-release monitoring may increase the success of reintroduction programs (Destro 
et al. 2018), encourage adaptive management, and allow refinement of control tools 
and lures (Klug et al. 2015).
Guam, the southernmost island in the Mariana Archipelago, experienced major 
biodiversity loss after the introduction of the non-native brown treesnake, Boiga ir-
regularis, after World War II (Savidge 1987; Wiles et al. 2003). This accidental in-
troduction resulted in high snake densities across the island and caused the extirpa-
tion of many native terrestrial vertebrates, with 10 of 12 forest bird species eliminated 
(Savidge 1987; Wiles et al. 2003; Rodda and Savidge 2007). Declines and reductions 
of bird populations on Guam are suspected to be causing major ecological changes to 
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forest structure and composition (Rogers et al. 2017). Therefore, reintroducing, rein-
forcing, and otherwise recovering native bird populations on Guam are considered a 
critical goal for broader restoration targets. Suppression and removal of invasive brown 
treesnakes are a critical management need for recovery of Guam’s native birds.
Localized brown treesnake control on Guam to reduce snakes at seaports, airports, 
and caves used by Mariana swiftlets (Aerodramus bartschi) has historically relied on 
removal primarily using mouse-lure traps (Rodda et al. 1999; Clark et al. 2018) but 
experimental aerial application of toxicant baits (dead neonatal mouse with acetami-
nophen tablet) to suppress snake populations is emerging as a potential landscape-scale 
control tool (Dorr et al. 2016; Siers et al. 2019). Mouse-lure traps can remove every 
individual of suitable size (≥950 mm snout-vent length) at a small spatial scale, given 
intensive effort (Tyrrell et al. 2009). The effect of extensive snake trapping on preda-
tion rates on birds (and therefore the likelihood of successful bird restoration efforts) 
has not been quantified. We therefore evaluated the potential benefits of trap-based 
snake removal for bird reintroductions by simulating the avian nesting period because 
that aspect of the life-cycle is vulnerable for birds (Martin 1993; Yackel Adams et al. 
2006). Specifically, we 1) measured the fraction of trap contacts that resulted in a snake 
capture, 2) compared brown treesnake contact rates between mouse- or bird-lure traps, 
and 3) compared contact rates between bird-lure traps (used as a proxy for reintro-
duced nesting birds) and brown treesnakes before and after active snake control (trap-
ping with mouse lures). The results are interpreted in the context of brown treesnake 
management to understand the actual complexities inherent to reintroductions or re-
inforcements of native bird populations on Guam.
Methods
Study site
The study occurred in the Ritidian Unit of the Guam National Wildlife Refuge 
(GNWR; 13°39'N, 144°51'E), at the northernmost tip of Guam. The 155 ha terres-
trial portion of the refuge consists of coastal strand forest interspersed with degraded 
areas that have been colonized by non-native shrubs and trees (U.S. Fish and Wildlife 
Service 2009). The site is bordered to the south by limestone cliffs and to the north by 
the Pacific Ocean. In 2012, a multi-species barrier fence was constructed around 51 ha 
of the Ritidian Unit; this fence included a one-way barrier designed to exclude snakes 
while allowing snakes on the refuge to leave the enclosed area (Rodda et al. 2007). 
Snake control efforts were implemented in 2013 through use of mouse-lure snake traps 
(15,447 trap nights that removed 392 snakes) to suppress brown treesnakes within the 
barrier at the GNWR. Based on that control effort, GNWR was considered a snake-
suppressed area (Nafus et al. 2018) and was used to measure contact rates between 
birds and brown treesnakes. Snake density within the barrier was unknown at the time 
of the 2013 removal effort, but 23 snakes per hectare has been documented in a nearby 
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enclosed forested habitat (Christy et al. 2010). If we assume that density estimate along 
with the assumption that every hectare within the refuge barrier is suitable snake habi-
tat, then we have a snake population of 1,173 (23 snakes/ha × 51 ha). This rough esti-
mate indicates that one-third of the snake population may have been removed during 
the 2013 removal effort. Although the snake barrier had by 2014 partially degraded 
(i.e., small patches of rusted fencing due to salt spray) and probably allowed some im-
migration, the barrier was mostly intact and abutted a road. Brown treesnakes avoid 
crossing roads (Siers et al. 2016) and thus the road may have hindered snake crossing 
into GNWR, improving the efficacy of the barrier. Limited and sporadic rat and feral 
pig control measures were implemented within the barrier.
Trapping array and capture rates
In May 2014, we established a 6 × 18 trapping grid (510 m × 150 m; Fig. 1a) of 108 
live mouse-lure traps (Fig. 1a [yellow dots] and Fig.1b) with 16 live bird-lure traps (Fig. 
1a [red and blue dots] and Fig. 1c). We used Japanese quail (Coturnix japonica) in place 
of a native bird species. Japanese quail are neither present in the wild on Guam nor 
a federally/territorially listed species, but likely functionally equivalent to Guam rail 
(Gallirallus owstoni) in terms of prey odor and habitat strata use. Bird-lure traps thus 
served as a proxy for a reintroduced population of nesting birds and were set 2 weeks 
prior to the mouse-lure traps (Phase I) to obtain baseline predation rates in the absence 
of active snake control (Phases I and II). After 2 weeks, we added mouse-lure traps, but 
continued to trap without removing snakes for 60 days (Phase II). Beginning on 07 July 
2014 (day 61) we removed all snakes captured in mouse-lure traps to monitor contact 
rates during active suppression efforts (Phase III). Snakes trapped in bird-lure traps 
were, however, never removed to simulate realistic snake contacts with nesting birds.
Mouse-lure and bird-lure traps are modified commercial minnow traps composed 
of 6 mm galvanized steel mesh (Rodda et al. 1999; Fig. 1b, c). Each mouse-lure trap 
contained a lure chamber and PVC pipe refuge for trapped snakes. Lure chambers 
were constructed of galvanized steel mesh and held a single mouse (20–40 g) that was 
provided a grain mixture embedded in paraffin and a piece of raw potato for water. 
Bird-lure traps were modified versions of the commercial minnow trap, with a central 
extension to provide room for the birds (Fig. 1c). Bird chambers (35 × 13 × 17 cm, 
LWH) inside the traps were constructed of galvanized steel mesh (6 mm). Birds (150–
180 g) were provided a pellet seed mixture, millet sprig, and water. Both trap types al-
lowed multiple snake captures. Bird-lure traps were checked daily and mouse-lure traps 
checked every other day. Mouse-lure traps were stationary during the study (to mimic 
operational control efforts) whereas the two lines of bird-lure traps moved weekly to 
the next available grid space, to sample a larger percentage of the grid. For instance, 
bird-lure traps in week 1 (configuration shown in Fig. 1a) deployed between the tran-
sect lines of D and E, and B and C would move north (toward the ocean) one grid 
space in week 2 to occupy grid locations between C and D and A and B, respectively.
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Figure 1. The 7.65 ha grid consisted of 124 traps (a). Yellow dots represent mouse-lure traps (n = 108 
traps) whereas red and blue dots represent bird-lure Japanese quail (Coturnix japonica) traps (n = 16) with 
and without cameras, respectively. Mouse-lure traps (b) were spaced every 30 meters and were stationary. 
Bird-lure traps (c) were spaced at 60 meters and were moved weekly to a new location. For instance, bird-
lure traps in week 1 (configuration as shown in a) would move in week 2 from the alpha transect lines of 
BC and DE to AB and CD, respectively. New locations would remain in the same numeric transect lines 
of 2–3, 4–5, 6–7, 8–9, 10–11, 12–13, 14–15, and 16–17 (until all interior spaces had been sampled) 
before shifting in week 6 to numeric lines of 3–4, 5–6, 7–8, 9–10, 11–12, 13–14, 15–16, and 17–18. 
Each bird-lure trap location was sampled two times for a total of two weeks. The snake barrier fence runs 
along curved road line (bottom right of panel a). Photo credit for 1b: Shane R. Siers.
To quantify the proportion of snake-bird contacts that failed to result in trap cap-
tures, eight of the bird-lure traps were fitted with trail cameras at a 1.8 m focal dis-
tance (Reconyx PC 900 HyperFire Professional covert camera; Fig. 1a [red dots]). We 
programmed cameras with both time-lapse (30-sec intervals between the hours 1800 
and 0600 [brown treesnakes are nocturnal; see Suppl. material 1 for example camera 
images]) and motion sensor modes (any time of day). Cameras were placed 1.8 m from 
the focal trap and batteries and SD memory cards were changed every 3 days. Digital 
images were downloaded and transcribed to record all snakes visible in the camera field 
of view (FOV) as well as other potential predators. Brief absence from FOV, return to 
FOV in close spatial proximity to FOV departure location, similar physical attributes 
[broken tail, size] were counted as a single snake. Trap contact consisted of the snake 
making physical contact with the trap.
Snake morphometrics
Unless destined for removal (during Phase III), we marked trapped snakes on the first 
occasion we encountered them, before re-releasing them at the site of capture. Mark-
ing consisted of a passive integrated transponder (PIT) tag injected intraperitoneally, 
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and a unique series of ventral scale clips. Measurements of mass and snout-vent length 
(SVL) were recorded for each snake capture. Individual body condition was calculated 
as the ratio of mass to its expected mass given its length. Expected mass for a given SVL 
was estimated by linear regression on logarithmic scales, based on >10,000 records of 
brown treesnakes. Snakes that we removed (Phase III: active control, mouse-lure traps) 
were euthanized using procedures approved by the American Veterinary Medical Asso-
ciation (2013) and USGS Fort Collins Science Center, Institutional Animal Care and 
Use Committee (FORT IACUC 2013-13).
Statistical analyses
We used Poisson regression to test the effect of lure type (bird or mouse) on catch per 
unit effort (CPUE) during Phase II of the project when both bird- and mouse-lure 
traps were present on the landscape, but snake removal was not occurring. CPUE was 
measured as the number of snakes captured per 100 trap nights, where a trap night 
is defined as 1 trap active for 1 night. We used multivariate multiple regression to 
measure the effect of trap lure type and time since project initiation on SVL and body 
condition. We included both SVL and body condition as dependent variables in the 
model. Although we were primarily testing for the effect of bird-lure versus mouse-
lure traps as a predictor of SVL and body condition, we included time (days) since 
project initiation as a covariate due to changes in snake population structure that can 
result from active removal or seasonal effects. We used Pearson’s chi-square to test for 
a change in contact rates between snakes and bird-lure traps or cameras after the onset 
of snake removal. For the chi-square we compared camera and trap CPUE (snakes per 
100 days of trapping) prior to active removal to CPUE after trap-based removal began. 
Finally, we used mixed-effect, zero-inflated Poisson regression (GLMMADMB pack-
age in R) to test for differences in snake capture rates between mouse-lure traps near 
a bird-lure trap and those not near one, as well as for differences between grid edge 
versus interior mouse-lure traps. We included alpha trap transect lines (A–F; Fig. 1a) 
as a random effect to account for repeated measures and spatial variation in trap cap-
tures. In Figure 1a, all grid interior mouse-lure traps were considered adjacent to a 
bird-lure trap and all grid edge traps as non-adjacent. Interior and edge classification 
would change weekly as the bird-trap deployment was altered by weekly trap place-
ment (defined above). All analyses were executed in program R (R Core Team 2017) 
and descriptive statistics reported as mean ± SE.
Results
Over the course of the study (08 May to 05 Oct. 2014), we recorded 159 unique 
snakes from 227 captures during 16,947 trap nights (0.013 snakes/trap night). Fe-
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males (n = 82) averaged 1035 mm SVL (range 688–1,265; body condition = 1.15, 
range 0.82–1.54). Males (n = 77) averaged 1081 mm SVL (range 773–1,400; body 
condition= 1.07, range 0.71–1.39). Of the 227 captures, 198 snakes were captured in 
mouse-lure traps (134 individuals; 0.014 snakes/trap night) and 29 were captured in 
bird-lure traps (25 individuals; 0.012 snakes/trap night).
Camera and trap CPUE
In order of prevalence, surveillance cameras deployed on eight bird-lure traps captured 
2,314 FOV incidents from feral pigs (1,727), snakes (307), rats (228), monitor lizards 
(44), and cats (8). Of the 307 FOV records for snakes, 217 snake encounters were 
considered independent snakes for that evening. Fifty-six percent (122 of 217) of the 
images revealed a trap contact by the snake, suggesting interest in the bird lure. Overall 
snake CPUE at camera traps was 0.18 (Fig. 2), yielding a contact rate of 18 snakes/100 
camera-trap nights. However, only 13% of trap contacts resulted in a trap capture 
(Fig. 3). Cumulatively, bird-lure traps captured 29 snakes across 2,321 total trap nights 
(1.2/100 bird-lure trap nights). Thus, trap captures underestimated the trap-contact 
rates with birds 15-fold relative to trap-contact rates estimated by camera traps. Snakes 
that successfully entered the bird-lure traps spent on average 55 min to enter (8 min 
up to 2 hours and 23 min). Snakes that failed to gain entry to the trap gave up and 
departed the FOV on average after 17 min (30 s to 50 min).
Snake contact rates with bird- and mouse-lure traps
During Phase II, when both bird- and mouse-lure traps were deployed but no active 
snake removal occurred, we recorded 732 bird-lure trap nights and 4,942 mouse-lure 
trap nights. Bird-lure traps captured six snakes (0.8 snakes/100 bird-lure trap nights) 
and mouse-lure traps captured 69 snakes (1.4 snakes/100 mouse-lure trap nights). A 
small portion of snakes (14%) were repeatedly captured in mouse-lure traps (≥ 2 times) 
and almost all unique captures during Phase II were snakes only captured in mouse-
lure traps (95%). Mouse-lure traps had a CPUE that was 1.7 times greater than bird-
lure traps based on Poisson regression (z = 4.1, P < 0.001, 95% Confidence Interval 
[CI] = 0.29, 0.82, Fig. 2).
The 25 unique snakes captured in bird-lure traps averaged 26 mm longer and 
19 g heavier than snakes captured in mouse-lure traps (Table 1). Mean body con-
dition for snakes captured in bird-lure traps was 1.16 ± 0.03 and 1.12 ± 0.01 for 
mouse-lure traps (Table 1). Multivariate multiple regression indicated a weak nega-
tive relationship between mouse-lure traps and SVL and body condition of snakes 
captured (t = –2.0, P = 0.04, 95% CI = –0.186, –0.002) and a negative effect of time 
since project initiation (t = –2.2, P = 0.02, 95% CI = –0.0016, –0.0001). Although 
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Figure 2. Brown treesnake catch per unit effort (CPUE) per trap night for bird-lure camera traps and bird- 
and mouse-lure live traps from 08 May through 05 October 2014 on the Guam National Wildlife Refuge, 
Guam. Open squares represent capturing a photographic image of the snake. Open and closed circles rep-
resent actual successful snake captures from traps. Phase I = only bird-lure traps deployed, Phase II = both 
bird- and mouse-lure traps deployed, and Phase III = both bird- and mouse-lure traps deployed with snake 
removal from mouse-lure traps only. Cameras were deployed on bird-lure traps during all three phases.
Figure 3. Schematic of brown treesnake activity outcomes at bird-lure camera traps (n = 8). A portion of 
snake observations were probably repeated instances of one snake’s efforts to capture the prey (e.g., brief 
absence and return to field of view in close spatial proximity to departure location and similar physical 
attributes [broken tail, size]) and were therefore counted as a single snake event. Trap contact consisted of 
the snake making physical contact with the trap. Trap entry consisted of snakes using either entrance to 
enter the trap. Values listed parenthetically represent the number of snakes for a specified outcome, with 
snakes captured in traps being the desired outcome for management.
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some individuals were repeatedly captured in bird-lure traps, 20 of the 25 unique 
bird-lure captures (80%) were only captured in bird-lure traps. Three individuals 
(12%) were captured more than once in bird-lure traps, but never in mouse-lure 
traps. Five individuals were captured in both trap types and were removed during 
Phase III, suggesting 20% of snakes that entered a bird-lure trap were effectively 
removed by mouse-lure trapping.
Contact rates with traps pre- and post-removal
During Phase III, we removed 128 snakes from the trap grid using mouse-lure traps. 
Despite removal, overall daily CPUE of snakes in mouse-lure traps remained con-
stant but low (1.4 snakes/100 mouse-lure trap-nights). Camera trap CPUE at bird-
lure traps prior to snake removal (Phases I and II) was 14 snakes/100 camera-trap 
nights and 19 snakes/100 camera-trap nights after snake removal began. Trap CPUE 
for bird-lure traps was 0.6 snakes/100 bird-lure trap nights prior to snake removal 
and 1.7 snakes/100 bird-lure trap nights after snake removal began (translating to 
1.3 snakes/100 bird-lure trap nights overall). There was no significant effect of snake 
removal and snake contact with birds (χ [1] = 0.20, P = 0.65) in Phase III as compared 
to Phases I and II. Overall, the number of consecutive days without a capture (n = 
29 snakes) in a bird-lure trap decreased over time despite snake removal and weekly 
movement of bird-lure traps from 10.4 days during the first 5-week interval to 1.6 days 
during the last 5-week interval (Fig. 4a).
There were also spatial effects on snake captures independent of snake removal. 
Almost half of the 29 bird-lure captures occurred between trap lines E and F (Fig. 1a), 
and mouse-lure captures on line F also had the highest CPUE (Fig. 4b). Although 
mouse-lure traps did not appear to suppress bird-trap contact rates, they did suppress 
contact rates with mouse-lure traps. Mixed-effect Poisson regression indicated approxi-
mately 50% fewer snakes were captured in traps deployed in the grid interior relative to 
edge traps (β = –0.67, SE = 0.21, P = 0.002). Across 20 weeks of mouse-lure trapping, 
grid edge traps captured 80 snakes (44 edge traps), compared to 60 snakes captured in 
interior traps (64 interior traps). Mouse-lures near bird-lures, however, had the same 
CPUE as those that did not have a bird-lure present (β = –0.10, SE = 0.21, P = 0.65). 
Therefore, captures of snakes attracted to mouse lures were depressed in the grid inte-
rior but there was no evidence for a similar effect for bird lures.
Table 1. Morphometrics of individual brown treesnakes (Boiga irregularis) trapped with live mouse- and/or 
live bird-lures based on first encounter presented as mean ± SE (range), Guam National Wildlife Refuge 2014.
Lure BC1 BC range SVL (mm) SVL range (mm) Mass (g) SVL>1150 (mm)
Bird-lure n = 25 1.2 0.89–1.46 1091 885–1304 160 (60–352) 35%
Mouse-lure n = 140 1.1 0.71–1.66 1065 688–1400 141(29–435) 25%
1 Body condition (a value of < 1 represent relatively underweight individuals, average condition snakes = 1, and higher 
than average are > 1).
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Figure 4. We observed temporal (a) and spatial (b) effects on brown treesnake captures at bird- and 
mouse-lure traps (note: graphs do not include camera data). Capture intervals (days between capturing 
any snake in a bird-lure trap) decreased as length of time from study start date increased (a). Catch per 
unit effort (CPUE, snakes/100 trap nights) was greater for bird-lure (closed circles) and mouse-lure (open 
circles) transects that were closer to the cliff-line (E–F; see b). In panel b, the solid black line indicates 
mean bird-lure trap CPUE and dashed line is mean mouse-lure trap CPUE from this study.
Discussion
Traps with live bird lures had a contact rate with snakes that was almost 15 times 
greater than the number of snakes that were successfully captured. Unpublished data 
from cameras referred to in Clark et al. (2012) and visual observations using night-
vision goggles (G. Rodda, personal communication) at mouse-lure traps also showed 
that most snakes that tried to enter the traps failed to do so. Such collective evidence 
suggest that such trapping failures are common and that some snake individuals may 
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be more difficult to trap. Despite the fact that 87% of our bird-lure traps failed to 
capture a snake, prior research in a 5 ha enclosed area of snakes has shown that all 
snakes of trappable size can be trapped in mouse-lure traps given intensive trap-
ping over time (Tyrrell et al. 2009). Brown treesnakes begin to prey on birds around 
750–950 mm SVL (Siers 2015), similar to the size at which they become trappable 
using live mouse lures (Tyrrell et al. 2009); of 555 snakes from various habitats with 
prey in their stomachs, the smallest BTS to contain an avian prey item (domestic fowl 
chick) was 717 mm SVL (Siers pers. comm.). Thus, with intensive effort, mouse-
lure traps can target individual snakes large enough to consume birds. However, our 
results suggest that a trapping effort that is less than landscape-scale saturation (e.g., 
our trapping grid of 7.65 ha out of 51 ha behind a barrier) removed only 20% of 
snakes that entered a bird-lure trap and did not suppress snakes enough to reduce 
contact rates with birds.
Savidge (1991) noted that mouse-lure traps along the edge of a trapping grid cap-
tured more brown treesnakes than did traps deployed in interior portions of the grid. 
The difference in captures between our edge and interior traps was at least partially 
explained by high captures rates on the transect line (F) parallel to a small cliff-line 
ridge and abundant habitat. The overall increase in the number of brown treesnakes 
captured in traps placed at the edge of the grid suggests brown treesnake depletion was 
not occurring at least in part due to continued immigration into the trapping grid. 
Effective barriers (Rodda et al. 2007) adjacent to control areas can eliminate snake 
immigration (Tyrrell et al. 2009; Christy et al. 2010), but our trapping grid was not 
immediately adjacent to the snake-proof barrier. Snake density associated with the 
trapping grid is unknown, so we are unable to determine if reduced interior contact 
rates for mouse-lure traps resulted from an overall reduction in brown treesnakes or 
reduced interest in mouse-lure traps from those snakes that remained. The fact that 
shifting bird-lure traps had equivalent contact rates prior to snake removal as they did 
afterwards indicates that the stationary mouse-lure traps did not adequately reduce the 
density of snakes interested in birds.
Even though the landscape around the bird-lure traps had a high density of mouse-
lure traps, most (68%) of the snakes that were captured in bird-lure traps were not 
recaptured in either bird- or mouse-lure traps. Mouse-lure traps, however, captured 
more snakes per unit effort than bird-lure traps, a finding documented in another 
study at the GNWR (Klug et al. 2015). Mice may produce a generally more attractive 
or stronger odor plume than birds (Rodda et al. 1999). Alternatively, the strong edge 
effect on trap capture success combined with the fact that bird-lure traps were always 
deployed in the grid interior may have partially driven the different capture success 
documented in this study. Additionally, snakes that entered bird-lure traps tended to 
be larger and in better body condition. Quail (150–180 g) are much larger than mice 
(20–40 g) and if brown treesnake size partially drives prey preference (Savidge 1988), 
then quail may be attractive to slightly larger snakes. Overall, large snakes are less com-
mon on Guam except in urban locations (Savidge 1991; Siers et al. 2017) and thus 
there may be few snakes on GNWR that are large enough to be attracted to quail.
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While quail may be too large for many snakes, mice should still be of interest to 
larger snakes, as rodents are an important component of the diet of snakes >800 mm 
SVL on Guam (Savidge 1988; Siers 2015). Despite this, only 20% of all snakes cap-
tured in bird-lure traps were ever captured in stationary mouse-lure traps, despite the 
abundance of nearby mouse-lure traps in Phases II and III. The recapture rate for 
brown treesnakes captured in a bird-lure trap was 32% overall, which suggests that 
these snakes did not fully avoid traps. Whether a morphological- or individual-based 
preference, our observation that some snakes were willing to enter a trap with a bird 
but not a mouse lure provides limited evidence that snakes may vary in their dietary 
preferences. Many animals have been documented to specialize on a small subset of the 
dietary breadth of their species (Bolnick et al. 2002a, 2002b). We do not think that the 
stationary nature of mouse-lure traps combined with the weekly shifting of bird-lure 
locations is problematic for our interpretations because we maintained both spatial and 
temporal balance of traps and lure types throughout our study period.
Populations can experience trait changes in response to harvesting pressure (Palko-
vacs et al. 2018). Invasive species control measures resulting in non-random removal 
of individuals from targeted populations can lead to population-level shifts in mean 
trait values (Zavorka et al. 2018). Selection that reduces control tool efficacy within a 
population can be minimized by implementing multiple tools/lures to remove indi-
viduals from the population, in hopes that different tools will target individuals with 
distinct trait values (Palkovacs et al. 2018). Therefore, multi-faceted control techniques 
that include alternate lure forms or distinct treatments occurring concurrently may 
improve the overall outcome of brown treesnake control to support bird recovery (as 
can multi-faceted control efforts for invasive rats; Russell et al. 2008).
Beyond the benefits of reducing individuals resistant to capture, a multi-faceted 
control approach is expected to improve efficacy for other reasons. For example, cam-
era trap imagery demonstrated that snakes were highly motivated to contact birds, 
with one snake spending over 2 hours attempting to access the bird. To enter a trap, 
however, snakes must find the trap entrance. Thus, control techniques that require less 
problem-solving by the snakes (e.g., open-ended bait tubes) (Lardner et al. 2013; Clark 
et al. 2018) may increase the odds of successful bird reintroductions via enhanced 
snake control. Brown treesnakes have been dramatically suppressed in experimental 
test plots by aerial delivery of dead neonatal mouse baits treated with 80 mg of aceta-
minophen (Dorr et al. 2016; Siers et al. 2019). Use of live-lure trapping and aerial 
delivery of toxicants may target a higher proportion of the snake population by target-
ing snakes attracted to rodents but unable to easily solve the problem of how to enter 
a trap. In contrast, individuals that are attracted to live prey over carrion may be more 
effectively targeted by traps with live lures. There is some evidence that carrion is less 
attractive to very large brown treesnakes (Shivik et al. 1999) and thus live-lure traps 
may be an essential component for targeting the largest individuals in a population.
Remote cameras aimed at bird-lures reliably captured nocturnal brown treesnake 
presence and behavior but required the use of high frequency photography (30-second 
intervals) because snakes failed to trigger the infrared sensors. Of the other potential 
nest predators detected (feral pigs, rats, monitor lizards, and cats), the high nocturnal 
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sighting rates of feral pigs (1.43 pigs/camera trap night) would be problematic for re-
introduced ground-nesting birds (e.g., Guam rail; Gallirallus owstoni). Cameras in as-
sociation with avian lures may have a promising role in assessing predation risk or may 
act as a sentinel for detecting snake ingress into previously snake-eradicated areas. We 
recognize that all successful lures used in snake control to date rely on a food attractant 
(Rodda et al. 1999) and that snake suppression will allow recovery of prey populations, 
thus depressing future snake detection via food-based lures. That said, we documented 
that 44% of the snakes viewed on cameras failed to physically interact with the trap 
and its lure (Fig. 3).
The average interval between snake captures in bird-lure traps also decreased with 
time (from 10.4 days during the first 5-week interval to 1.6 days during the last 5-week 
interval), suggesting that the longer traps were on the landscape the more frequently 
they were visited by snakes. Odor cues from the traps may have accumulated, attract-
ing snakes from greater distances. It is also possible that snakes were drawn in gradu-
ally at a constant rate (either from the scent or random movements in the landscape), 
without any increase in the grid’s attraction rate, and that bird-attracted snakes (not 
removed by mouse-traps in Phase III) simply became increasingly common as they 
decided to move no further but to stay near birds. Alternatively, the study progressed 
in time through the wet season and trapping during the wet season has been shown to 
result in higher CPUE (Nafus et al. 2018).
Conclusions
Snake trapping around a small-scale simulated bird reintroduction site (bird-lure traps) 
did not demonstrably reduce brown treesnake contact rates with birds as compared to 
trap-contact rates prior to initiating snake removal in a snake-suppressed landscape. 
Trapping efforts required to meaningfully suppress brown treesnakes in support of 
bird recovery over large areas of Guam are assumed to be cost-prohibitive. Integration 
of new technologies such as the aerial delivery of toxicants is likely to be required to 
sufficiently suppress snakes at spatial scales large enough to support bird restoration ef-
forts. However, this study provides evidence that some snakes may select live birds over 
live mouse lures, and thus reliance on a single control tool and lure may be inadequate 
for support of avian reintroductions and could lead to unintended harvest-driven trait 
changes within snake populations. Integration of multiple control tools and multiple 
lures is thus thought to yield the best management outcomes for reintroduction and 
recovery of native vertebrate species on Guam.
Acknowledgements
Funding for this study was awarded by the U.S. Geological Survey based on science 
needs identified by the U.S. Fish and Wildlife Service under the auspices of the Sci-
ence Support Program and was supplemented by the Invasive Species Program of the 
Amy A. Yackel Adams et al.  /  NeoBiota 49: 1–17 (2019)14
USGS. We are grateful to the staff at the Guam National Wildlife Refuge, J. Schwa-
gerl and J. Horeg, for their encouragement and facilitation of this project. We thank 
J. Calaor and T. Summers at the Guam National Wildlife Refuge for reading and 
commenting on an earlier draft. We are also grateful to B. Flanders-Wanner and D. 
Campton of the U.S. Fish and Wildlife Service (Pacific Region One) for their interest 
and support for this research. Field/logistical assistance was provided by E. Holldorf, 
J. Kaseman, L. Bonewell, A. Knox, T. Hinkle, K. Donmoyer, P. Barnhart, M. Spencer, 
M. Hogan, C. Robinson, M. Viernes, and T. Tadevosyan. Snake, mouse, and bird han-
dling followed institutional guidelines detailed by protocols with the U.S. Geological 
Survey (FORT IACUC 2013-13) and Colorado State University (IACUC-15-5892A) 
Institutional Animal Care and Use Committees. Any use of trade, firm, or product 
names is for descriptive purposes only and does not imply endorsement by the U.S. 
Government. Data analyzed in the study are available through ScienceBase, (https://
doi.org/10.5066/P9BIC84R).
References
Bolnick DI, Svanbäck R, Fordyce JA, Yang LH, Davis JM, Hulsey CD, Forister ML (2002a) 
The ecology of individuals: incidence and implications of individual specialization. The 
American Naturalist 161:1–28. https://doi.org/10.1086/343878
Bolnick DI, Yang LH, Fordyce JA, Davis JM, Svanbäck R (2002b) Measuring individual‐
level resource specialization. Ecology 83: 2936–2941. https://doi.org/10.1890/0012-
9658(2002)083[2936:MILRS]2.0.CO;2
Borrelle SB, Boersch-Supan PH, Gaskin CP, Towns DR (2016) Influences on recovery of sea-
birds on islands where invasive predators have been eradicated, with a focus on Procellari-
iformes. Oryx 52: 346–358. https://doi.org/10.1017/S0030605316000880
Campbell EW III, Yackel Adams AA, Converse SJ, Fritts TH, Rodda GH (2012) Do predators 
control prey species abundance? An experimental test with brown treesnakes on Guam. 
Ecology 93: 1194–1203. https://doi.org/10.1890/11-1359.1
Choquenot D, Parkes J (2001) Setting thresholds for pest control: how does pest density affect 
resource viability? Biological Conservation 99: 29–46. https://doi.org/10.1016/S0006-
3207(00)00186-5
Christy MT, Yackel Adams AA, Rodda GH, Savidge JA, Tyrrell CL (2010) Modelling detection 
probabilities to evaluate management and control tools for an invasive species. Journal of 
Applied Ecology 47:106–113. https://doi.org/10.1111/j.1365-2664.2009.01753.x
Clark L, Clark C, Siers SR. (2018) Brown treesnakes: methods and approaches for control. In: 
Pitt WC, Beasley JC, Witmer GW (Eds) Ecology and Management of Terrestrial Verte-
brate Invasive Species in the United States. Taylor & Francis (New York): 107–134. htt-
ps://doi.org/10.1201/9781315157078-7
Clark L, Savarie PJ, Shivik JA, Breck SW, Dorr BS (2012) Efficacy, effort, and cost compari-
sons of trapping and acetaminophen-baiting for control of brown treesnakes on Guam. 
Human-Wildlife Interactions 6: 222–236. https://doi.org/10.26077/q6b7-g962
Contact rates with nesting birds before and after invasive snake removal 15
Côté IM, Sutherland WJ (1997) The effectiveness of removing predators to protect bird 
populations. Conservation Biology 11: 395–405. https://doi.org/10.1046/j.1523-
1739.1997.95410.x
Destro GFG, De Marco P, Terribile LC (2018) Threats for bird population restoration: a system-
atic review. Perspectives in Ecology and Conservation 16: 68–63. https://doi.org/10.1016/j.
pecon.2018.03.003
Doherty TS, Dickman CR, Nimmo DG, Ritchie EG (2015) Multiple threats, or multiplying 
the threats? Interactions between invasive predators and other ecological disturbances. Bio-
logical Conservation 190: 60–68. https://doi.org/10.1016/j.biocon.2015.05.013
Doherty TS, Glen AS, Nimmo DG, Ritchie EG, Dickman CR (2016) Invasive predators and 
global biodiversity loss. Proceedings of the National Academy of Sciences of the United 
States of America 113: 11261–11265. https://doi.org/10.1073/pnas.1602480113
Dorcas ME, Willson JD, Reed RN, Snow RW, Rochford MR, Miller MA, Meshaka WE, An-
dreadis PT, Mazzotti FJ, Romagosa CM (2012) Severe mammal declines coincide with 
proliferation of invasive Burmese pythons in Everglades National Park. Proceedings of the 
National Academy of Sciences of the United States of America 109: 2418–2422. https://
doi.org/10.1073/pnas.1115226109
Dorr BS, Clark CS, Savarie PJ (2016) Aerial Application of Acetaminophen-treated Baits for 
Control of Brown Treesnakes, ESTCP Demonstration Project RC-200925. USDA Wild-
life Services National Wildlife Research Center, Department of Defense Environmental 
Security Technology Certification Program, Resource Conservation and Climate Change 
Projects (RC-200925), Honolulu, Hawaii, Final Report: 1–271.
IUCN/SSC (2013) Guidelines for Reintroductions and Other Conservation Translocations. 
Version 1.0. IUCN Species Survival Commission (Gland, Switzerland): 1 –72.
Jones HP, Holmes ND, Butchart SH, Tershy BR, Kappes PJ, Corkery I, Aguirre-Muñoz A, 
Armstrong DP, Bonnaud E, Burbidge AA (2016) Invasive mammal eradication on is-
lands results in substantial conservation gains. Proceedings of the National Academy 
of Sciences of the United States of America 113: 4033–4038. https://doi.org/10.1073/
pnas.1521179113
Klug PE, Yackel Adams AA, Stricker CA, Reed RN (2015) Protection of Caves Important to 
the Endangered Mariana Swiftlet (Aerodramus bartschi) through Effective Deployment of 
Control Tools Based on Brown Treesnake (Boiga irregularis). Final Summary Report to 
Naval Base Guam. USGS, Fort Collins Science Center, Fort Collins, CO: 1–129.
Lardner B, Yackel Adams AA, Savidge JA, Rodda GH, Reed RN, Clark CS (2013) Effectiveness 
of bait tubes for brown treesnake control on Guam. Wildlife Society Bulletin 37: 664–673. 
https:///doi.org/10.1002/wsb.297
Martin TE (1993) Nest predation and nest sites. Bioscience 43: 523–532. https://doi.
org/10.2307/1311947
Nafus MG, Yackel Adams AA, Klug PE, Rodda GH (2018) Habitat type and structure affect 
trap capture success of an invasive snake across variable densities. Ecosphere 9: e02339. 
https://doi.org/10.1002/ecs2.2339
O’Donnell CF, Pryde MA, van Dam-Bates P, Elliott GP (2017) Controlling invasive preda-
tors enhances the long-term survival of endangered New Zealand long-tailed bats 
Amy A. Yackel Adams et al.  /  NeoBiota 49: 1–17 (2019)16
(Chalinolobus tuberculatus): implications for conservation of bats on oceanic islands. 
Biological Conservation 214: 156–167. https://doi.org/10.1016/j.biocon.2017.08.015
Palkovacs EP, Moritsch MM, Contolini GM, Pelletier F (2018) Ecology of harvest‐driven trait 
changes and implications for ecosystem management. Frontiers in Ecology and the Envi-
ronment 16: 20–28. https://doi.org/10.1002/fee.1922
R Core Team (2017) R: A language and environment for statistical computing. Version 3.4.3. 
Foundation for Statistical Computing. Vienna. https://www.R-project.org/
Rodda GH, Fritts TH, Clark CS, Gotte SW, Chiszar D (1999) A state-of-the-art trap for the brown 
treesnake. In: Rodda GH, Sawai Y, Chiszar D, Tanaka H (Eds) Problem Snake Management: 
the Habu and Brown Treesnake. Cornell University Press (Ithaca, New York): 268–305.
Rodda GH, Savidge JA (2007) Biology and impacts of Pacific island invasive species. 2. Boiga 
irregularis, the brown tree snake (Reptilia: Colubridae). Pacific Science 61: 307–324. htt-
ps://doi.org/10.2984/1534-6188(2007)61[307:BAIOPI]2.0.CO;2
Rodda GH, Savidge JA, Tyrrell CL, Christy MT, Ellingson AR (2007) Size bias in visual search-
es and trapping of brown treesnakes on Guam. The Journal of Wildlife Management 71: 
656–661. https://doi.org/10.2193/2005-742
Rogers HS, Buhle ER, HilleRisLambers J, Fricke EC, Miller RH, Tewksbury JJ (2017) Effects 
of an invasive predator cascade to plants via mutualism disruption. Nature communica-
tions 8: 1–8. https://doi.org/10.1038/ncomms14557
Savidge JA (1987) Extinction of an island forest avifauna by an introduced snake. Ecology 68: 
660–668. https://doi.org/10.2307/1938471
Savidge JA (1988) Food habits of Boiga irregularis, an introduced predator on Guam. Journal 
of Herpetology 22: 275–282. https://doi.org/10.2307/1564150
Savidge JA (1991) Population characteristics of the introduced brown tree snake (Boiga irregu-
laris) on Guam. Biotropica 23: 294–300. https://doi.org/10.2307/2388207
Shivik JA, Clark L (1999) Ontogenetic shifts in carion attractiveness to brown tree snakes 
(Boiga irregularis). Journal of Herpetology 33: 334–336. https://doi.org/10.2307/1565737
Siers SR, Pitt W, Eisemann J, Clark L, Shiels A, Clark C, Gosnell R, Messaros M (2019) In situ 
evaluation of an automated aerial bait delivery system for landscape-scale control of inva-
sive brown treesnakes on Guam. In: Russell JC, West C (Eds) Island Invasives: Scaling Up 
to Meet the Challenge. Occassional Paper SSC 62. IUCN (Gland, Switzerland): 348–355. 
https://www.researchgate.net/publication/332369367
Siers SR (2015) Microgeographic and ontogenetic variability in the ecology of invasive brown 
treesnakes on Guam, and effects of roads on their landscape-scale movements. PhD dis-
sertation, Colorado State University, Fort Collins, CO.
Siers SR, Reed RN, Savidge JA (2016) To cross or not to cross: modeling wildlife road crossings 
as a binary response variable with contextual predictors. Ecosphere 7: e01292. https://doi.
org/10.1002/ecs2.1292
Siers SR, Savidge JA, Reed RN (2017) Quantile regression of microgeographic variation in 
population characteristics of an invasive vertebrate predator. PLoS ONE 12: e0177671. 
https://doi.org/10.1371/journal.pone.0177671
Smith RK, Pullin AS, Stewart GB, Sutherland WJ (2010) Effectiveness of predator removal for 
enhancing bird populations. Conservation Biology 24: 820–829. https://doi.org/10.1111/
j.1523-1739.2009.01421.x
Contact rates with nesting birds before and after invasive snake removal 17
Szabo JK, Khwaja N, Garnett ST, Butchart SH (2012) Global patterns and drivers of avi-
an extinctions at the species and subspecies level. PLoS ONE 7: e47080. https://doi.
org/10.1371/journal.pone.0047080
Tyrrell CL, Christy MT, Rodda GH, Yackel Adams AA, Ellingson AR, Savidge JA, Dean-
Bradley K, Bischof R (2009) Evaluation of trap capture in a geographically closed popula-
tion of brown treesnakes on Guam. Journal of Applied Ecology 46: 128–135. https://doi.
org/10.1111/j.1365-2664.2008.01591.x
U.S. Fish and Wildlife Service (2006) Revised Recovery Plan for Hawaiian Forest Birds Pacific 
Region 1. U.S. Fish and Wildlife Service (Portland, Oregon) 1–622.
U.S. Fish and Wildlife Service (2009) Guam National Wildlife Refuge Comprehensive Conser-
vation Plan. US Fish and Wildlife Service (Honolulu, Hawaii) (see Supplemental Material, 
Reference S20). https://doi.org/10.3996/122012-JFWM-106.S22
VanderWerf EA, Crampton LH, Diegmann JS, Atkinson CT, Leonard DL (2014) Survival 
estimates of wild and captive-bred released Puaiohi, an endangered Hawaiian thrush. The 
Condor 116: 609–618. https://doi.org/10.1650/CONDOR-14-18.1
Wiles GJ, Bart J, Beck RE, Aguon CF (2003) Impacts of the brown tree snake: patterns of 
decline and species persistence in Guam’s avifauna. Conservation Biology 17: 1350–1360. 
https://doi.org/10.1046/j.1523-1739.2003.01526.x
Yackel Adams AA, Skagen SK, Savidge JA (2006) Modeling post‐fledging survival of lark bun-
tings in response to ecological and biological factors. Ecology 87: 178–188. https://doi.
org/10.1890/04-1922
Zavorka L, Lang I, Raffard A, Evangelista C, Britton J, Olden J, Cucherousset J (2018) Impor-
tance of harvest-driven trait changes for the management of invasive species. Frontiers in 
Ecology and the Environment 16: 317–318. https://doi.org/10.1002/fee.1922
Supplementary material 1
Select camera images of a failed brown treesnake (Boiga irregularis) trap capture 
using a bird lure
Authors: Amy A. Yackel Adams
Data type: TIF File (.tif )
Explanation note: Select time-lapse camera photos (4 images) of a failed capture at a 
bird-lure trap by a single brown treesnake. This individual attempted to secure the 
bait for 35 minutes and 30 seconds before leaving the trap area. White arrows point 
to the eye shine of the snake. Overall, camera traps revealed a much higher snake 
contact rate with bird lures than did bird-lure live trap data alone.
Copyright notice: This dataset is made available under the Open Database License 
(http://opendatacommons.org/licenses/odbl/1.0/). The Open Database License 
(ODbL) is a license agreement intended to allow users to freely share, modify, and 
use this Dataset while maintaining this same freedom for others, provided that the 
original source and author(s) are credited.
Link: https://doi.org/10.3897/neobiota.49.35592.suppl1
